Introduction
The University of Minnesota Biocatalysis/Biodegradation Database (UM-BBD), http://www.labmed.umn.edu/umbbd/ index.html, contains information derived from the published literature on microbial biocatalytic reactions and biodegradation pathways primarily for xenobiotic chemical compounds (Ellis and Wackett, 1995; Ellis, 1996, 1998) . It first appeared on the World Wide Web in February 1995. On 24 June 1998, the UM-BBD contained 62 metabolic pathways, 400 reactions, 380 compounds, 288 enzymes and 134 microorganism entries.
The term 'pathway' refers to a sequence of related reactions that start with a given compound and terminate in intermediary metabolism, metabolic cycles, or when no further microbial catabolism is presently known. The UM-BBD contains pathways for the biodegradation of compounds from acrylamide to xylene. It will eventually grow to house ∼500 reactions. Each pathway, reaction and compound has both a graphical and a textual representation. There are 15 graphical representations of reaction mechanisms and four graphical metapathway maps, higher-level maps which summarize information from several related UM-BBD pathways. One UM-BBD text reaction page and some of the information it links to are shown in Figure 1 . Features not found in other web-based metabolic databases include dynamic search links to bibliographic, toxicological and nucleotide sequence information, as shown in Figure 1 .
Systems and methods

Development
The UM-BBD was originally rapidly prototyped in static HTML, to permit our user community to comment most quickly on the information it contained and suggest changes. When it became apparent that the user community supported its continuity, it then deserved more permanent implementation in a database management system (DBMS), such as are used by most other metabolic databases on the World Wide Web (Goto et al., 1996; Kanehisa, 1996; Karp and Paley, 1996; Karp et al., 1997; Selkov et al., 1997) .
In anticipation of the growing sophistication of web tools such as Java applets, Java servlets and the web browsers capable of supporting them, we adopted Java (Sun Microsystems, 1998) as our programming language. Although it is a language still under development, the breadth of interest and support in the computer industry indicates that it will mature quickly. An object-oriented database (OODB) using the Persistent Storage Engine (PSE) Java classes from Object Design, Inc. was developed to organize and represent the information, and machine-independent, server-side Java code generates web page displays. Implementation of client-side Java applets has been initially deferred, since many UM-BBD users are students or come from third-world countries (Ellis, 1997) and use older browsers which do not fully support applets. Representative attributes for CORE objects are shown in Table 1 . Fig. 1 . Selected windows of information from the UM-BBD, as viewed on a computer screen, representing the range of information availab le, using the first reaction of pentachlorophenol catabolism as an example. The respective windows are organized with the reaction page at the center and links from A to E at the periphery, starting with A in the upper left corner and going counterclockwise. The six windows ar e: (center) part of the pentachlorophenol 4-monooxygenase reaction page including the option to 'Generate a pathway starting from this reaction', (A) a reaction GIF showing the substrate and product structures, (B) a RasMol depiction of the pentachlorophenol structure, (C) the enzyme page from the Kyoto Ligand Chemical Database, (D) the Entrez/Medline report on a selected paper on pentachlorophenol 4-monooxygenase and (E) the pentachlorophenol compound page. developed using the Java compiler, Java Virtual Machine, and classes supplied with the Java Development Kit (JDK) 1.1.5 from Sun (Sun Microsystems, 1998) and the ObjectStore PSE 1.1.3 for Java, developed by Object Design, Inc. (1998) . CGI scripts were written that coordinate the transfer of information between a web browser and the database. Because there are certain inherent limitations (e.g. no direct access to system environment variables) to using Java as a CGI application, we used cgi_lib.java (Durante, 1997) , a Java class that, with a wrapper CGI shell script, emulates the Perl cgi_lib.pl library. Although we have not encountered any major problems using Apache and the CGI protocol to access the PSE/Java database, we are converting CORE to use Java servlets instead. Servlets, which we are implementing using the Apache JServ module (Apache Group, 1998b) , will help reduce system memory use, speed page loading, and promote better integration with the PSE/Java API.
Since one of the goals of using Java was to make the software machine independent, although the particular hardware and software listed above works well for us, it is not required for CORE to operate properly. Any hardware/operating system combination that can serve web pages and run CGI scripts and a compliant Java Virtual Machine, should be able to run CORE. 
Algorithms
UM-BBD users interact with CORE primarily through programmatically generated HTML pages, or views, of the database. These views are dynamically constructed for each UM-BBD user as they request the information. To date, six views have been constructed: reactions, compounds, enzymes, generated pathways, searches and indices. The first three involve straightforward object retrieval and attribute display methods. The generated pathway view allows one to select any reaction within the UM-BBD and dynamically construct a pathway map from that point to intermediary metabolism, a compound which is not a substrate for a UM-BBD enzyme, or a compound which has previously occurred in the pathway and thus forms a metabolic cycle. Text, rather than graphical, pathway maps are generated to serve best our varied, international community of users (Figure 2 ). The algorithm is essentially a breadth-first traversal of a portion of the database which terminates when all subpathways are exhausted.
CORE indices are, and searches return, web page lists of CORE objects that meet user-specified criteria. Indices include alphabetized lists of compounds and reactions and enzyme lists ordered by EC code. Compounds can be retrieved by name, Chemical Abstracts Service (CAS) number and chemical formula, and enzymes can be retrieved by name and EC code. There are no separate searches for reactions; a compound or enzyme search retrieves all matching compounds or enzymes and the reactions in which they are involved. Compound name searches include synonyms and all searches are performed using computer-generated, rather than manual, indices, which saves time and improves accuracy.
Discussion and conclusion
Over 10 million organic compounds are presently known, and more are being synthesized every day, at a much faster rate than their biodegradative metabolism can be elucidated. Thus, the UM-BBD can never contain all known biodegra- Fig. 2 . Dynamically generated metabolic pathway map for the catabolism of 2-hydroxyl-6-oxoocta-2,4-dienoate, the compound produced after ring cleavage in the aerobic microbial biodegradation of ethylbenzene. Underlined text links to dynamically generated UM-BBD compound or reaction pages or maps of intermediary metabolism found in the Kyoto Encyclopedia of Genes and Genomes (KEGG, 1997) . URL = http://www.labmed.umn.edu/ umbbd/core/page.cgi?ptype=p&reacID=r0311.
dative pathways. Instead, we plan for it to contain ∼500 reactions, representing the diversity of organic functional groups, enzymatic mechanisms and metabolic routes, and to use that information to evolve into a predictive expert system for biodegradation. The CORE representation will facilitate this long-term goal.
The goal of this project was to develop the CORE database to generate web pages, improve access to data, and to offer generated pathway maps as a supplement to, but not a replacement for, static HTML pathway maps. Hand-crafted HTML is still the tool of choice for concise, well-formatted pathways of complicated metabolism. Complex metabolism can be separated into multiple linked pages, which are more easily understood by human users. We presently have no plans to discard the well-formatted UM-BBD text and graphical pathway maps.
The introduction of an OODB has considerably increased the flexibility of the UM-BBD to incorporate different types of information. For example, compound structures represented as separate GIF files might now be incorporated as graphical attributes of the compound objects. Some metabolic databases, such as EcoCyc (Karp and Paley, 1996; Karp et al., 1997) , can generate GIF images dynamically from stored elements. The flexibility of the object model allows us to add such images or stored elements to the database with relative ease.
Standard formats are being developed for the transmission of compound and reaction information, e.g. molfile and rxnfile formats (MDL Information Systems, Inc., 1997). CORE will be expanded to permit its data to be output in different forms. This will position the UM-BBD to integrate with any or all other metabolic databases anywhere in the world. By converting to an object-oriented database format, the UM-BBD is better prepared to change and grow as bioinformatics moves 'from sequence to function' (KEGG: Kyoto Encyclopedia of Genes and Genomes, 1997).
